Computer vision and deep learning are clearly demonstrating a capability to create engaging cognitive applications and services. However, these applications have been mostly confined to powerful Graphic Processing Units (GPUs) or the cloud due to their demanding computational requirements. Cloud processing has obvious bandwidth, energy consumption and privacy issues. The Eyes of Things (EoT) is a powerful and versatile embedded computer vision platform which allows the user to develop artificial vision and deep learning applications that analyse images locally. In this article, we use the deep learning capabilities of an EoT device for a real-life facial informatics application: a doll capable of recognizing emotions, using deep learning techniques, and acting accordingly. The main impact and significance of the presented application is in showing that a toy can now do advanced processing locally, without the need of further computation in the cloud, thus reducing latency and removing most of the ethical issues involved. Finally, the performance of the convolutional neural network developed for that purpose is studied and a pilot was conducted on a panel of 12 children aged between four and ten years old to test the doll.
Introduction
Traditionally focused on factory automation, computer vision (i.e., software that automatically analyses images to extract content and meaning) is rapidly extending several new scenarios. Vision technology allows inferring information from reality and enables new types of interactivity. There are several examples of successful computer vision devices and applications, such as Microsoft's Kinect, Google Glass, Microsoft HoloLens, Dyson's vacuum cleaners, Amazon Fire, etc., which have been generally developed by large companies able to afford the resources needed for the application-specific development. While some required technologies are already mature and affordable, the fact is that no flexible open platform for mobile embedded vision is currently available that can be used in the context of an unprecedented rate of new mobile and ubiquitous applications.
An alternative is to use IoT (Internet of Things) devices and perform computer vision operations in the cloud [1] [2] [3] . However, the particular case of computer vision represents a fundamental challenge. In general, raw visual information cannot be transferred to the cloud for processing due to bandwidth, power consumption and security issues.
The Eyes of Things (EoT) [4] platform is an optimized core vision unit designed by the authors, that can work independently and also embedded into all types of artefacts ( Figure 1 ) at minimal power consumption. The EoT platform is based on the Myriad 2 chip by Movidius [5, 6] . Myriad 2 is a system-on-chip that embeds a software-controlled multicore, a multiported memory subsystem, and caches that can be configured to allow a large range of workloads. It provides exceptionally high sustainable on-chip data and instruction bandwidth to support high-performance video hardware accelerator filters, two main Reduced Instruction Set Computer (RISC) processors and 12 specific proprietary processors for managing computer vision and deep learning operations denominated SHAVE (Streaming Hybrid Architecture Vector Engine), a hybrid stream processor architecture designed to maximize performance-per-watt combining features of Digital Signal Processors (DSPs), GPUs, and RISC with both 8/16/32 bit integer and 16/32 bit floating point arithmetic as well as other features such as hardware support for sparse data structures. The Myriad 2 platform represents an optimization of processing power, energy consumption, size and cost [7] . EoT provides libraries and protocols which have been carefully selected and optimized for low power.
The main objective of this paper is to describe the development, using EoT of a smart doll able to interact with children. This paper is organized as follows. Section 2 explains the deep learning capabilities of the EoT device. Section 3 shows and validates the convolutional neural network for emotion recognition developed and Section 4 analyses its computational performance. Section 5 presents the smart doll developed and Section 6 the pilot conducted using the doll. Finally, Section 7 outlines the conclusions of this work.
Deep Learning in EoT
Although several computational algorithms and methods have shown their performance and capacity [8] [9] [10] , the deep learning paradigm no doubt represents a breakthrough in machine learning and consequently in computer vision [11, 12] . Both academia and industry are currently moving at lightspeed towards this methodology [13] . While EoT provides multiple software libraries and applications for computer vision and communication with the outside world, deep learning is obviously one of the key elements. The deep learning capabilities in EoT, specifically in the form of convolutional neural networks (CNN), are contained in the following modules:
Tiny_dnn
This library [14] is an open source C++ deep learning inference engine suitable for limited computational resources, embedded systems and IoT devices. It includes several features that makes it perfect for EoT: it is a header-only library with no external dependences and it can import Caffe models. Moreover, it has been recently included as the deep learning engine of OpenCV since version 3.1, evidencing its increasing importance.
The library was streamlined and ported to EoT. This version allows reading a network stored in tiny_dnn's JavaScript Object Notation (JSON) format which requires training the network from scratch using the PC version of the library or converting it from Caffe's format (Figure 2) .
Moreover, some of the most time-consuming parts of this library were parallelised by making use of the 12 SHAVE processors of the Myriad SoC. 
Fathom Framework
In order to address the deep learning paradigm, Movidius developed a proprietary framework called Fathom to execute CNNs of various configurations at ultra-low power targeting the Myriad 2 SoC. The Fathom framework accepts eXtensible Markup Language (XML) representations of trained networks from Caffe or TensorFlow. Fathom parses and optimally transforms them to run on the Myriad 2 architecture. For complex networks such as GoogleNet, Fathom enables performance at a nominal 15 inferences/sec with fp16 precision on Myriad 2.
Although Fathom offers a significant improvement in terms of performance, it has the drawback that it was originally developed to be used with the Movidius TM Neural Compute Stick [15] . This was not useful in a standalone platform such as EoT. We have been able to port Fathom to EoT by establishing some limitations while modifying the original library. While the Fathom framework expects an input image stored as a file, we changed this so as to get the image directly from the camera of the EoT device using the specific input/output of the platform. Moreover, the modified framework also allows to load the trained network directly from the microSD card included in EoT whereas the original framework received it from the PC to which it was connected (through USB). In this case, it is necessary to store the network in the format used by the framework, a so-called blob file, which can be generated from a Caffe model using the tools provided by the original Fathom framework on a PC. Finally, some modifications were made with respect to cache management in the EoT platform to solve coherency problems arising with the execution of consecutive inferences.
Convolutional Neural Network for Emotion Recognition

Description of the Emotion Recognition Model
Identifying human emotions is not a simple task for machines. As human beings this comes natural to us, but traditional machine learning methodologies struggle to achieve satisfactory results. For machines to predict emotions by analysing the facial expressions, it is necessary to identify the basic set of emotions which are universal and can be quantified.
Ekman and associates [16, 17] , identified the set of six universal basic emotions: anger, disgust, fear, happiness, sadness and surprise.
The proposed nViso emotion engine is trained to classify the six basic emotions plus the neutral expression, Figure 3 provides an example of the emotion classes. The emotion engine uses a specially designed CNN for emotion recognition. In order to produce a model small enough to run on a low powered embedded platform like EoT, the network was trained on a relatively smaller dataset comprising 6258 images obtained from 700 different subjects. The network has seven Rectified Linear Unit (RELU) layers and three pooling layers, see Figure 4 .
As depicted in Figure 4 , the input to network is an image of size 50 × 50 containing the face. The network applies the series of RELU and pooling layers with the output layer having seven nodes, one for each emotion. The trained network occupies a total of 900 KB of storage space and is stored on the EoT microSD card. This card can be removed from the EoT board and read/written on a PC. 
Validation of the Emotion Model
For the purpose of validation, in this paper one of the most widely used facial expression databases has been considered, the so-called Cohn-Kanade extended database (CK+) [18] , which is described in detail in the next section. The following sections describe the validation procedure, the metric used and the achieved performance by comparing them with the approach developed and deployed by Microsoft (the Oxford Project) [19].
Benchmarking Database: Cohn Kanade Extended
The CK+ database is the second iteration of the reference dataset in facial expression research. The database consists of 593 sequences from 23 subjects, each sequence begins with a neutral expression and proceeds to a peak expression (an emotion). Peak expressions are fully coded with the Facial Action Coding System (FACS) [20] . Figure 5 provides an example of a sequence from the CK+ dataset. FACS is a system to taxonomize human facial expressions, the concept was originally invented by Swedish anatomist Hjortsjö in 1969 [21] and it was improved and published in the following years [20] . FACS is currently the leading global standard for facial expression classification.
FACS allows to encode any facial expression, independently of any interpretation, by decomposing it into Action Units (AU). Actions units correspond to the contraction (or relaxation) of one or several muscles including one of the five levels of intensities, which vary between "Trace" and "Maximum". Moreover, every emotion is linked to a specific set of action units. Figure 6 provides some action annotations for a human face. Since the peak expressions in the CK+ are FACS coded, facial expressions are of very high quality, ensuring the undeniable popularity of this dataset in scientific research for the past 15 years.
Validation Procedure
An emotion profile is a set of normalized measures which describe the level of activation of each basic emotion. This inferred emotional state is then compared with the provided ground truth and validation metrics.
To compare the performance with state-of-the-art approaches, the Oxford model introduced by Microsoft in 2015 is used [19] . Oxford provides an online API to compute an emotion profile for a given image.
Validation Metrics
The Cohn-Kanade extended database consists of sequences beginning with zero-intensity expression, i.e. neutral, and ending with an expression of maximal intensity. We will now define two metrics that will compare the emotion profiles of the neutral and peak expression images for each sequence in the CK+ database [22] .
• Peak metric. To compute this metric, we compare the emotion profile of the maximum intensity expression with the emotion profile of the zero-intensity expression by creating a differential emotion profile which is simply the gain (or loss) of the level of activation of any emotion between the maximum intensity case and zero-intensity case. This metric is computed by considering the maximum value in the differential emotion profile and comparing the associated emotion to the CK+ ground truth. If this maximum value corresponds to the ground truth emotion we consider the peak image correctly classified.
• Trend metric. To compute this metric, we consider the ground truth emotion of the peak image and we extract from its emotion profile the emotion intensity corresponding to that emotion. Same procedure is applied to the emotion profile for the neutral image. We then check the percentage gain and the absolute gain in these two emotion intensities and if the absolute gain is larger than 5% and the relative gain is larger than 50% we consider the peak image correctly classified.
Performance and Comparison
The results in Figure 7 correspond to the percentage of correctly classified images of the 593 sequences of the CK+ database considering the peak and trend metrics. In both cases the performance of the proposed model are in line with the state of the art approach. 
Computational Performance of the Emotion Recognition Network
In this section, a comparative study between the two deep learning frameworks using the network for facial emotion recognition is described. The network was executed on a PC using tiny_dnn and in the EoT device with both the tiny_dnn and Fathom ports. The average inference time, average power consumption and energy needed per inference can be found in Table 1 .
It is worth noting that the best results in terms of inference time were obtained using the Fathom framework regardless of the number of SHAVEs used. Although tiny_dnn is parallelised and gives computational times that make it suitable for real applications, the code has not been extensively optimised for the hardware architecture. On the contrary, Fathom was designed to be run in the Myriad 2 chip taking full advantage of its capabilities. The best absolute inference time was obtained using the Fathom framework with eight SHAVEs, 6.23 ms. Although it could be expected that an increase in the number of SHAVEs used would lead to a reduction in inference time, there are other factors like context changes or memory management that take time when more processors are involved.
Regarding power consumption, a key parameter in a portable battery-operated device, while the Fathom framework gives values ranging from 794.51 mW to 1387.71 mW, tiny_dnn requires 1100 mW. Due to the lower computational cost, it is important to carefully select the number of processors used considering a trade-off between inference time and energy accordingly to the application requirements. 
Smart Doll
This smart doll illustrates the facial analysis system described above in the context of a real application (Figure 8 ). The EoT board was embedded inside a doll torso, performing facial emotion recognition so that the doll can assess the child's emotional display using deep learning and react accordingly with audio feedback (Figure 9) . A face detector [23, 24] is applied on each frame (it uses EoT's Inertial Measurement Unit (IMU) to rotate the input image so that a standard upright face detector can be applied), the face region is then cropped and resized to a 50 × 50 image which is then fed to the network described in the previous section. It is worth noting that all computations are local to the EoT device which reduces latency and power consumption and tackles privacy issues. The preserved privacy actually makes the application practical to the point of having commercial value. The emotional state of the infant can be recorded and this information can be also downloaded from the doll. As special care must be taken for the security of the recorded emotional state of the infant, the smart doll provides by default the possibility to store it in AES 128 bit encrypted form. This information can be only accessed when the doll is in configuration mode through the WiFi, using the password previously defined by the doll's owner. Two scenarios are considered in this application: as an interactive doll in a playful situation and as a therapeutic tool in the second. The doll incorporates speakers, a Sony IMX208 camera, which is currently located on the forehead but will be eventually placed on the eye of the doll in following versions to simulate the field of view of the doll and to improve the performance of the classification system, and a button to change the doll's operation mode. Each mode has a different LED representation (Figure 10 ). With a 3.7 V 4000 mAh battery of approximately 95 g of mass and a size of 37 × 19 × 68 mm (http://spanish. globalsources.com/gsol/I/Lithium-ion-battery/p/sm/1153316246.htm) the doll can becontinuously recognizing emotions for over 13 h with tiny_dnn and over 18 h with Fathom. This duration can be further extended using different techniques, such as auto-off modes, wake-up on IMU activity, etc. Moreover, the EoT board allows recharging the battery through a USB connector. A video of the doll recognizing emotions is available at https://flic.kr/p/Ws9dnm. 
Scenario 1-Interactive Doll-Talk to Me
The doll interacts with the infant through audio based on the perceived emotional state. Based on the detected emotion, the deep learning emotion engine will trigger predefined audio utterances. During play time, a LED on the EoT platform indicates that the doll is in its interactive analysis mode.
Scenario 2-Therapy Doll-I Can Help You
The doll is used to monitor and record the emotional behaviour of the infant while playing with the toy. In this scenario, the doll can be used in two different modalities:
•
Recording mode: in this mode the doll will passively record the emotion while the infant plays with it.
• Playing-recording mode: in this mode the doll will record the session as in the previous mode and it will also provide audio feedback as in the first scenario. The recorded session will be downloadable through the Wi-Fi connection.
Smart Doll Main Application Structure
The standalone application developed for the doll flow graph is shown in Figure 11 . In the first steps the board is configured, loading both the face detector and emotion detector model files. After that, an initial welcome audio is played to inform the user that the doll is ready to be used.
From that point the demonstrator works in a loop capturing a frame in each iteration. The face detector is applied on each frame captured, and the face region detected is cropped and resized to a 50 × 50 image which is then fed to the network described in the previous section.
The doll considers that the user presents an emotion when it is recognised two consecutive times, and in this case, the application will print the result or play a feedback audio depending on the configuration of a Dual In-Line Package (DIP) switch of the EoT board. 
Pilot Test
The purpose of this pilot test was to explore the opportunities to use the EoT board empowered by an emotion recognition engine in a toy. The aim of the pilot was to test the system stability as mounted on the doll and to verify the accuracy of the emotion recognition application in correlation with the observations taken by researchers.
Location and Room Settings of the Pilot
The pilot was conducted on NVISO SA's office in Switzerland. A room was specifically prepared for the tests and equipped with: Smart Doll on a toy high chair; a children's chair facing the doll within 1 m distance; a camera behind the doll, facing the child once sitting on the chair; a chair for the facilitator and a desk for the researchers. This room is shown in Figure 12 . 
Participants
The tests were conducted on 12 children (Figure 13 ), aged between four and ten years old. The children are from various nationalities, and all of them are either French native speakers or are currently speaking French in everyday life (school). One child amongst the 12 children is affected by a mild form of autism. The only child aged four years old, once in the experience room, decided to not participate. 
Pilot Description
Children were asked to sit in front of the talking doll for about 10 min. Each child was in the room with a coordinator and one or two researchers, and they were informed that they would be asked some questions. While the coordinator asked some generic question to the child, the doll greeted the child and introduced herself by surprise.
• Phase 1-Warm-Up. During the first warm-up phase, the doll asked three introductory questions (name, age, place of residence).
• Phase 2-Conversation. Once the child's attention was gathered, the doll asked a sequence of 12 questions. Each question was followed by a comment made by the doll. The content of the comment was triggered by the emotion detected by the doll's camera.
• Phase 3-Close. During the last phase of the experience, the doll asked the child if they had enjoyed interacting with her and bid farewell.
Results
The results are derived by comparing the emotion profiles recorded by the EoT board powered by the emotion engine with the annotations taken by the researchers during the test experiences.
The results in the section will focus on comparing the emotion profile to the researcher annotation, computing the accuracy and calculating the percentage of face detection. Missed faces are due to camera occlusion (e.g., the child has a hand on his face, or waves a toy in front of the camera) or absence of face (e.g., the child turns away from the camera).
The two examples used show different emotion behaviours: one with predominance of happiness, and the second with prevalence of neutrality, the latter is the emotion profile of the child affected by autism.
For the results we will use the legend of colours represented in Figure 14 . 
Video Processing Emotion Results
The images in Figures 15 and 16 show the emotion profile processed and recorded by the doll in two of the experiences conducted with two different children, ID 001 and ID 011. In the graphs, it is possible to see all of the seven emotions (including neutral) detected by the doll represented in different colours. Each vertical line corresponds to a point in time and the intensity of the emotion is proportional to the length of the coloured line.
As the graph shows, there are moments when more than one emotion is detected, all with different intensities. Figure 15 shows a predominance of happiness, while in Figure 16 neutrality is predominant. In Figure 16 missing data represents points in time where face was not detected due to child turning away his face from the doll's camera, or due to occlusions (objects between the child's face and the camera). The system had a percentage of successful face detection of 84.7%. Any time a face was detected, the image was processed and the resulting emotion was inferred. Figures 17 and 18 show the intensity curves of all emotions in seven separate graphs for children ID 001 and ID 011. A low pass filter is applied to smooth the lines. This representation allows to better identify and interpret the presence of multiple emotions at each point in time. For example, the presence of dominant happiness with a non-negligible level of surprise further highlights the engagement of the subject on the task he/she is performing, as in seconds 60 to 80 in the example in Figure 17 . The same gaps in face detection shown in Figure 15 are visible also in the two graphs.
Emotion Details
Comparison Between Doll Records and Researcher's Annotations
Figures 19 and 20 shows the comparison between the emotion profile processed and recorded by the doll's camera and the annotations taken by the researchers. Above the horizontal axis, it is possible to see the emotion profiles depicted, below the horizontal axis the graph of the researcher's annotations.
The vertical pink lines represent the points in time where an audio file was played by the doll. The first pink line corresponds to the first warm up question. As the two graphs show, different children interacted with the doll at different points, some children were more talkative, others gave more short and precise responses. This is true across the whole panel, with no significant impact on the average interaction time. The average interaction time from the first warm-up question asked by the doll to the last of the closing questions was about 4.41 min. The accuracy of the emotion detected compared to the note of the researchers for all the children was on average 83.5%. Figure 21 shows the percentage of the emotions detected across all the experiences. Well noticeable the predominance of happiness and neutrality. The first indicates engagement, while neutrality in association with peaks of happiness is correlated to punctual concentration. It is worth noting also that eight of the children claimed they would like to have a similar doll (or an interactively speaking toy) at home. 
Discussion
Based on these experimental results, we can state that the use of the proposed advanced application is viable in terms of real-time response using deep learning-based inference in an embedded system, and still the autonomy of the device makes it usable on a daily basis. Moreover, the local computation capability and the encryption methods provided by the device are able to effectively preserve the privacy of the owner and the infant, while the interest and the level of engagement of the children with the smart doll increased compared to a normal toy, allowing to explore its functionality as a therapeutic doll.
Conclusions
Eyes of Things is an open embedded computer vision platform. It was designed to optimize performance, power consumption, size, connectivity and cost. This makes it a flexible platform to implement vision-based applications. Apart from an extensive stack of computer vision and communications libraries, the potential of deep learning has been addressed in the form of CNN inference. We have used EoT in a real case of an emotional doll. Apart from performance, the privacy-preserving mode of operation, whereby no images are ever sent out of the toy, represent a crucial step forward.
A pilot was conducted to demonstrate the usability of the doll. The system was proved functional and stable and the average accuracy of the emotion engine was 83.5%. The pilot demonstrated a high level of engagement (emotion detected: surprise and happiness) of the children interacting with the smart doll, across all ages. The test on the software behaviour with the child affected by autism showed no difference in the level of accuracy of the emotion detected as compared to the researchers' observations. The results of the pilot suggest that the element of surprise generated by a doll that not only speaks, but also is able to interact and comment on what the children say, may be an attention catalyst across different children's ages. Overall our work is one of the first demonstrations that advanced vision capabilities can lead to novel engaging products.
Although most of the children claimed they would like to have a similar toy, one of the problems the smart doll developed will encounter is to convince parents about its security due to recent cases of data leaks in other toys on the market (https://www.forbes.com/sites/leemathews/2017/02/28/ cloudpets-data-leak-is-a-privacy-nightmare-for-parents-and-kids/). Another limitation of the present study is the location of the camera on the forehead. As future work, an improved and more robust version of the doll will be developed placing the sensor in the eye, which could also improve the performance of the face detection and emotion recognition. Also, other low-power cameras will be tested to reduce the power consumption of the device and increase the battery duration. Moreover, an improved version of the proposed CNN will be developed to increase the ratio of emotions correctly recognised. Finally, further studies will be performed to assay the use of the doll as a therapeutic tool.
